A mathematical model of an amperometric biosensor with the substrate inhibition for steady-state condition is discussed. The model is based on the system of non-stationary diffusion equation containing a non-linear term related to non-Michaelis-Menten kinetics of the enzymatic reaction. This paper presents the analytical expression of concentrations and current for all values of parameters 
Introduction
Biosensors are analytical devices which tightly combine biorecognition elements and physical transducer for detection of the target compounds. An amperometric biosensor is a device used for measuring concentration of some specific chemical or biochemical substance in a solution [1, 2] . Biosensors use specific biochemical reactions catalyzed by enzymes immobilized on electrodes. Many enzymes are inhibited by their own substrates, leading to velocity curves that rise to a maximum and then descend as the substrate concentration increases.
In the literature, mathematical models have been widely used as an important tool to study and optimize the analytical characteristics of actual biosensors [3] . Practical biosensors contain a multilayer enzyme membrane [4] , the model biosensors containing the exploratory monolayer membrane are widely used to study the biochemical behavior of biosensors [3, 5] . Substrate inhibition is often regarded as a biochemical oddity and experimental annoyance.
This model is based on the system of non-stationary diffusion equations containing a non-linear term related to non-Michaelis-Menten kinetics of the enzyme reaction [2] . The dimensionless model of the biosensor with substrate and product inhibition has been constructed in order to decrease the number of biosensor properties. Substrate inhibition and interactions during biodegradation of pollutant mixtures is discussed by Okpokwasili et al. [6] . Multi-enzyme inhibitor system is investigated by Rangelova et al. [7] . Substrate inhibition kinetics of phenol degradation is described in Agarry et al. [8] .
To the best of our knowledge, until now no rigorous analytical solution [9, 10] has been reported for a steadystate substrate [11] and product concentration at the biosensor at mixed enzyme kinetics in the case of substrate inhibition [12] [13] [14] . As a result, in this paper we have arrived at an analytical expression corresponding to the concentration of substrate and product using ADM method for all values of reaction/diffusion parameters 2 2 , , 
Mathematical Formulation and Analysis of the Problems

Mathematical Formulation
During an enzyme-catalyzed reaction
the substrate (S) binds to the enzyme (E) to form enzymesubstrate complex ES. While it is a part of this complex, the substrate is converted to product (P). The rate of the appearance of the product depends on the concentration of the substrate. The basic model used in this work and a definition of the coordinate system are shown in Figure 1 .
The simplest scheme of non-Michaelis-Menten kinetics, for example may be obtained by addition into MichaelisMenten scheme (Equation (1)), a stadium of the interaction of the enzyme substrate complex (ES) with another substrate molecule (S) (Equation (2)) following the generation of the non-active complex (ESS) [2] :
The steady state non-linear differential equations for the substrate inhibition are [14] 
where s D and p D k are the diffusion coefficient of the substrate and product within the enzyme layer. s and p are the concentration of substrate and product at any position in the enzyme layer. max is the maximal enzymatic rate attainable when the enzyme is fully saturated with substrate, i denotes the Michaelis-Menten constant and d is the thickness of the enzyme layer. The equation is solved for the following boundary conditions.
The current density i(t) of the biosensor at time t is expressed as usual,
We introduce the following set of dimensionless variables ( ) 
where S and P represent the dimensionless concentration of substrate and product respectively. 
An appropriate set of boundary conditions is given by:
Adding Equations (9) and (10) we obtain,
Integrating Equation (13) twice we get:
From the above equation, we get the dimensionless concentration of product in terms of concentration of substrate as follows:
The constants A and B can be obtained using the boundary conditions given by the Equations (11) and (12) . The substrate and product concentrations are all related processes. The dimensionless current is given by ϕ and denote the corresponding reaction diffusion parameters.
χ represents the dimensionless distance. β represents the saturation parameters. The governing non-linear reaction/diffusion Equations (3) and (4) are expressed in the following non-dimensionless format [14] : 
1 2 1
From this result and the boundary conditions (11) and (12) we can obtain the value of the constant A and B as follows:
Now the product's concentration ( ) v χ can be obtained from the Equation (15) .
We get the dimensionless current, 
Numerical Simulation
The non-linear reaction/diffusion equations (Equations (9) and (10)) for the boundary conditions (Equations (11) and (12)) are also solved numerically. We have used the function pdex4 in Scilab/Matlab numerical software, to solve the initial-boundary value problems for parabolicelliptic partial differential equations numerically. Its numerical solution is compared with the analytical results obtained using ADM method.
Results and Discussion
Equations (17) and (18) The concentration profiles of the product P are compared with the numerical results in Figure 5 , illustrating the concentration profiles of the product P for various ϕ . In all the cases the concentration of the product P increases with the increasing value of parameter 2 p ϕ . Figure 6 shows the dimensionless concentration of substrate S (Equation (17)) and product P (Equation by the kinetics of the enzyme reaction and diffusion properties of the reactants.
Determination of Current
The parameter of greatest interest in an amperometric biosensor is the current, which is related to the flux of electroactive material to the electrode surface. The variation in current versus saturation parameters and α β are shown in Figures 7 and 8 respectively. It is evident from the figures that the current I (Equation (19)) increases when 
Conclusion
The modeling of the amperometric biosensor with the substrate inhibition is discussed. The system of non-linear differential equation has been solved using ADM method. The primary result of this work is the first accurate calculation of substrate and product concentration for all values of considered parameters, this being in good agreement with simulation results. The influence of Thiele module and active membrane thickness is also investigated. The obtained analytical results will be useful in sensor design, optimization and prediction of the electrode response. Using these results, the action of biosensor is analyzed at critical concentration of substrate and enzyme activity. Theoretical results obtained in this paper can also be used to analyze the effect of different parameters such as active membrane thickness and saturation parameters. Applying the inverse operator L on both sides of Equation (A.3) yields
where ( ) φ χ is a function that satisfies the condition
. Now assuming that the solution y can be represented as infinite series of the form, 
Then equating the like terms in the linear system of Equation (A.5) gives the recurrent relation ( ) ( )
However, in practice all the terms of series in Equation (A.5) cannot be determined, and the solution is approximated by the truncated series 
Appendix B Analytical Expression of Concentrations of Substrate Using the Adomian Decomposition Method
To solve the non linear Equation (9) using the Adomian decomposition method [18] [19] [20] [21] [22] [23] , we write the Equation (9) in the operator form, where A and B are constants of integration. Using the boundary condition Equation (9) we get, Using Equation (B.6) we can obtain the following results:
( ) 
